Abstract. Exclusive photoproduction of all vector mesons by real and virtual photons is considered in the Soft Dipole Pomeron model. It is emphasized that being the Pomeron in this model a double Regge pole with intercept equal to one, we are led to rising cross-sections but the unitarity bounds are not violated. It is shown that all available data for ρ, ω, ϕ, J/ψ and Υ in the region of energies 1.7 ≤ W ≤ 250 GeV and photon virtualities 0 ≤ Q 2 ≤ 35 GeV 2 , including the differential cross-sections in the region of transfer momenta 0 ≤ |t| ≤ 1.6 GeV 2 , are well described by the model.
Introduction
A new precise measurement of J/ψ exclusive photoproduction by ZEUS [1] opens a new window in our understanding of the process and allows us to give more accurate predictions for future experiments.
The key issue of the dataset [1] is the diffractive cone shrinkage observed in J/ψ photoproduction which leads us to consider it a soft rather than pure QCD process so that we can apply the Soft Dipole Pomeron exchange [2] model.
The basic diagram is depicted in Figure 1 ; s and t are the usual Mandelstam variables, Q 2 = −q 2 is the virtuality of the photon. It is well known that high-energy representation of the scattering amplitude may be expressed as a sum over the the appropriate Regge poles in the complex j plane [3] A(s, t) s→∞ ≈ i η i (t)β i (t)(cos θ t )
where η i (t) is the signature factor and θ t is the scattering angle in the t channel.
In the case of vector meson photoproduction we utilize the variable z ∼ cos θ t
where W 2 = (p + q) 2 ≡ s, M V is the vector meson mass, M p is the proton mass. Assuming vector meson dominance [4] , the relation between the forward cross sections of γp → V p and V p → V p is given by
where the strength of the vector meson coupling 4π f 2 V may be found from e + e − decay width of vector meson V
Using the property Γ V →e + e − / < Q 2 j >≃ const we can obtain the following approximate relations
which are in fairly good agreement with experimental measurements of decay widths [5] . We take into account these relations by introducing coefficients N V (following to [6] ) and writing the amplitude as A γp→V p = N C N V A V p→V p , where
The amplitude of the process V p → V p may be written in the following form
where,
is the Pomeron contribution for which we use the so called dipole Pomeron which gives a very good description of all hadronhadron total cross sections [7] , [8] . Specifically, IP is given by [9] IP (z, t; M
where the first term is a single j-pole contribution and the second (with an additional ln(−iz) factor) is the contribution of the double j-pole. A similar expression applies to the contribution of the f -Reggeon
It is important to stress that in this model the intercept of the Pomeron trajectory is equal to 1 α IP (0) = 1.
Thus the model does not violate the Froissart-Martin bound [10] . For ρ and ϕ meson photoproduction we write the scattering amplitude as the sum of a Pomeron and f contribution. According to the Okubo-Zweig rule, the f meson contribution should be suppressed in the production of the ϕ and J/ψ mesons, but given the present crudeness of the state of the art, we added the f meson contribution in the ϕ meson case.
For ω meson photoproduction, we include also π meson exchange (see also the discussion in [11] ), which is needed in the low energy sector given that we try to describe the data for all energies W . Even though we did not expect it, the model describes well the data down to threshold.
In the integrated elastic cross section
the upper and lower limits
are determined by the kinematical condition −1 ≤ cos θ s ≤ 1 where θ s is the scattering angle in the s-channel of the process. For the Pomeron contribution (9) we use a nonlinear trajectory
where m π is the pion mass. Such a trajectory was utilized for photoproduction amplitudes in [12] , [13] and its roots are very old [14] .
For the f -meson contribution for the sake of simplicity we use the standard linear Reggeon trajectory
In the case of nonzero virtuality of the photon, we have a new variable in play Q 2 = −q 2 . At the same time, the cross section σ L is nonzero.
The Model
For the Pomeron residues we use the following parametrization
The slopes are chosen as
to comply with the previous choice (15) and analyticity requirements [14] . The Reggeon residue is
where
PHOTOPRODUCTION OF VECTOR MESONS BY REAL PHOTONS
In the fit we use all available data starting from the threshold for each meson. As the new dataset of ZEUS [1] allows us to explore the effects of nonlinearity of the Pomeron trajectory and residues. In the region of non zero Q 2 the combined data of H1 and ZEUS is used. The whole set of data is composed of 357 experimental points 1 and, with a grand total of 12 parameters, we find χ 2 /d.o.f = 1.49. The main contribution to χ 2 comes from the low energy region ( W ≤ 4 GeV ); had we started fitting from W min = 4 GeV , the resulting χ 2 /d.o.f = 0.85 for the elastic cross sections would be much better and more appropriate for a high energy model.
In order to get a reliable description and the parameters of the trajectories and residues we use elastic cross sections for each process from threshold up to the highest values of the energy and differential cross sections in the whole t-region where data are available: 0 ≤ |t| ≤ 1.6 GeV 2 .
The parameters are given in [15] . The results are presented in Fig. 2 , which shows also the prediction of the model for Υ(9460) photoproduction.
PHOTOPRODUCTION OF VECTOR MESONS BY VIRTUAL
In (17) and (19) the Q 2 -dependence (Q 2 = Q 2 +M 2 V ) is completely fixed up to an a priori arbitrary dimensionless function f (Q 2 ) such that f (0) = 1. Thus, we may introduce a new factor that differentiates virtual from real photoproduction: Accordingly, in the case Q 2 = 0 we use the following parametrizations for Pomeron couplings (compare with Eq. 17):
where, for the sake of completeness, we will examine three different choices for the asymptotic Q 2 behaviour of the Pomeron residue
Choice III
For the reggeon couplings we have
where c 1 is an adjustable parameter and n 2 = 0.25, −0.25, −0.5 for choice I, II, III. Accordingly, in the case Q 2 = 0 we use the following parametrizations for Reggeons couplings (compare with Eq. 19):
The lack of data on the ratio σ L /σ T , especially in the high Q 2 domain, does not allow us to draw definite conclusions about its asymptotic behaviour. There may be several realizations of the model with different asymptotic behaviour of σ L /σ T [2] . As a demonstration of such a possibility we use the following (most economical) parametrization for R (which cannot be deduced from the Regge theory) Choice I, II, III
where c and n 1 are adjustable parameters for choice I, II, III.
We have, thus, 3 additional adjustable parameters as compared with real photoproduction. In order to obtain the values of the parameters for the case Q 2 = 0, we fit just the data 2 on ρ 0 meson photoproduction in the region 0 ≤ Q 2 ≤ 35 GeV 2 ; the parameters for photoproduction by real photons are fixed.
The parameters thus obtained may be found in [15] . The results of the fit are depicted in Fig. 3 . In this figure as well as in all following ones the solid lines, dashed lines and dotted lines correspond to the choice I, II, III correspondingly.
We can now check the predictions of the model. The χ 2 /#point = 0.89 for J/ψ meson exclusive production follows without any fitting. Both W and Q 2 dependences are reproduced very well. Notice that, so far, the three choices I, II, III all give equally acceptable reproduction of the data (see Figs. 4, 5 ) .
We now plot the various ratios σ L /σ T (these data were not fitted) corresponding to Eqs (23),(24),(25) (shown with the solid (choice I), dashed (choice II) and dotted (choice III) lines) in Fig. 6, 7, 8 . The result shows, indeed, a rapid increase of σ L /σ T with increasing Q 2 , however one can see that our intermediate choice II is preferable to either I or III on this basis.
Let us examine the obtained dependences. We find that the data prefer 
Conclusion
We have shown that the Soft Dipole Pomeron model recently developed [2] , [15] for vector meson photoproduction allows us to describe well the new ZEUS data [1] on the differential and integrated cross-sections for γp → J/ψp. Again, all available data on photoproduction of other vector mesons at Q 2 = 0 as well as Q 2 = 0 are well reproduced. The nonlinear Pomeron trajectory α P (t) = 1 + γ ( 4m 2 π − 4m 2 π − t) turns out to be more suitable for the nonlinearity of the diffractive cone shown by the new ZEUS data.
We would like to emphasize the following important points 1. The Pomeron used in the model is a double pole in the complex j-plane with intercept which is equal to one 2. The new ZEUS data [1] (in contrast to the old ones) quite definitely point towards the nonlinearity of the Pomeron slope and trajectory.
3. Phenomenologically we find that in the region of available Q 2 the ratio σ L /σ T ∼ (Q 2 /M 2 V ) n 1 , where 0.3 < n 1 < 1 . The definite conclusion can be derived only with new precise data on the ratio σ L /σ T , especially for high Q 2 .
